Germanium is a group IV semiconductor with many current and potential applications in the modern semiconductor industry. Key to expanding the use of Ge is a reliable method for the removal of surface contamination, including oxides which are naturally formed during the exposure of Ge thin films to atmospheric conditions. A process for achieving this task at lower temperatures would be highly advantageous, where the underlying device architecture will not diffuse through the Ge film while also avoiding electronic damage induced by ion irradiation. Atomic hydrogen cleaning (AHC) offers a low-temperature, damage-free alternative to the common ion bombardment and annealing (IBA) technique which is widely employed. In this work, we demonstrate with xray photoelectron spectroscopy (XPS) that the AHC method is effective in removing surface oxides and hydrocarbons, yielding an almost completely clean surface when the AHC is conducted at a temperature of 250
have been employed in several surface science studies, including the adsorption of isomers [24] , multifunctional 23 ketones [25] and water adsorption [26] . However, almost all of these studies involve an annealing stage in excess of 24 
600
• C, something which is not desirable under circumstances where a clean surface is required and segregation or 25 diffusion reduce the performance of the device. 
39
In this article, we have employed x-ray photoelectron spectroscopy (XPS) and LEED to study the effectiveness of 40 the AHC process at low substrate temperatures to remove native germanium oxides and atmospheric contamination 41 from the Ge(100) surface, to leave behind a well-ordered Ge(100)-(2 × 1) surface reconstruction. We also employ
42
LEED and ultra-violet photoelectron spectroscopy (UPS) to study the change in surface ordering and work function 43 of a sample which is cleaned using IBA and subsequently H-terminated. This provides an insight in to the termination 44 of the post-AHC surface. Facility at the University of Warwick [47] . The samples were mounted on to Omicron-style sample plates using Ta   50 foil and loaded in to the fast-entry chamber. Once the fast-entry chamber had been evacuated, the samples were 51 transferred to the 12-stage carousel for storage at pressures of less than 1x10 −10 mbar. XPS and UPS data were acquired in the main analysis chamber using an Omricron SPHERA analyser (Omicron Nanotechnology, UK). Core 53 level XPS spectra were recorded using a pass energy of 10 eV (0.47 eV resolution), with the sample illuminated using
54
an Omicron XM1000 monochromated Al K α x-ray source (hν = 1486.6 eV Germany). LEED observations were conducted using a SPECTALEED optic (Omicron Nanotechnology, UK).
61
In-situ sample preparation was conducted with a variety of instruments attached to the vacuum system. Ion 62 bombardment was conducted at room temperature using an incident beam of 1.5 keV Ar + ions, generated using a The XPS spectra from the as-loaded samples (typical survey shown in supplementary material, core levels from 73 each sample shown in Figure 1 ), exhibited the typical atmospheric contamination species observed on the vast majority 
Role of substrate temperature on AHC efficiency

86
In order to study the effectiveness of atomic hydrogen cleaning for the low temperature removal of surface oxides is plotted in Figure 5 to illustrate this behaviour further.
99
During oxide removal, a downward shift of the clean Ge 3d peaks was clearly observed. In the as-loaded sample, 
112
In order to establish whether the removal of surface oxides and adsorbed hydrocarbons is simply an effect of 113 substrate temperature, or the combined effect of heat and atomic H, Figure 6 shows a series of 20- depth of the experiment demonstrates that AHC and IBA can achieve surfaces essentially free from contamination.
127
However, it has been shown previously that IBA cleaning results in residual damage in the near-surface region, which 128 can dramatically change the structure and electronic properties of the surface and sub-surface region [53] [54] [55] [56] .
129
For certain applications it is important to establish a well-ordered surface as well as the removal of contamination cleaning process which does not provide as much energy to the system in order for atoms to form a well-ordered 136 surface, and thus a more diffuse LEED pattern could be expected. However, it is also possible that the surface is at 137 least partially H-terminated, a possibility explored further below. 
LEED and UPS measurements from clean and hydrogen-terminated Ge(100) surfaces
139
The optimization of the charge injection process in many modern devices can be achieved through the modification pattern now more similar to the one produced by AHC (Figure 8(a) ). Examination of the UPS data recorded following 
Conclusions
154
In this paper we have demonstrated the ability to prepare a clean, well-ordered Ge(100) surface with thermally-155 generated atomic hydrogen. This process is far less destructive than surface preparation using ion bombardment and 156 high temperature annealing, and is thought to preserve the electronic properties of the Ge film. Using XPS it was 157 found that some of the surface oxide layers were removed by atomic hydrogen at room temperature, but a majority of 158 the hydrocarbons remain on the surface. As the surface temperature during atomic hydrogen exposure is increased, and following cycles of room temperature ion bombardment and annealing at 600 • C (red dots). The AHC sample was found to exhibit a small C 1s peak and a very small O 1s shoulder on the Ge Auger peak, unlike the IBA-cleaned sample. Compositional analysis is given in Table 1 . [ Counts per second (arb units)
Binding energy (eV)
Ge 3d
Ge LMM Auger Figure S1 : (Colour online) Survey XPS spectrum from the Ge(100) surface prior to atomic hydrogen cleaning, showing the Ge, C and O peaks.
